Introduction: The Irish ALS register is a valuable resource for examining survival factors in Irish ALS patients. Cox regression has become the default tool for survival analysis, but recently new classes of flexible parametric survival analysis tools known as Royston-Parmar models have become available.
Introduction
Progress in determining the cause or causes of Amyotrophic Lateral Sclerosis (ALS) and the development of effective treatments has been remarkably slow. With an incidence in Europe of 2-3 people per 100,000 of population [1] , large nationalized disease registries such as the Irish ALS register [2] prospectively collecting patients over a long period are necessary to fully appreciate the diverse clinical features of the condition.
A systematic review of ALS survival found that both bulbar onset disease and El-Escorial criteria definite disease have been associated with a significantly poorer prognosis [3] . Diagnostic delay is a consistently important survival factor with a longer time between symptom onset and diagnosis being associated with improved survival in many studies [3] . Age at onset is also a strong adverse prognostic factor in ALS in the majority of studies [3] , whilst gender is not (despite a higher rate of bulbar disease in women) [3] . A recent prospective study from our group has found that the presence of executive dysfunction (HR 3.44 95% CI: 1.45-8.18) or fronto-temporal dementia (FTD) (HR 2.67 95% CI: 1.04-6.85) in incident Irish ALS patients is significantly associated with a poorer prognosis [4] .
The sole drug licensed for ALS is the drug riluzole. In 2012 a Cochrane meta-analysis of riluzole for ALS, found that 100 mg of riluzole daily was associated with HR of 0.84 (95% CI: 0.698-0.997) [5] . Attendance at a specialist multidisciplinary clinic also improves survival [1, 3, 6] . A randomised controlled trial of noninvasive ventilation (NIV) in ALS patients found a median survival benefit of 205 days (P = 0.006) in those using NIV versus controls [7] . There has also been interest in gastrostomy as a therapy due to the importance of maintaining nutritional status [3] , however the benefit of this in terms of survival remains unclear [1] .
The Cox Proportional Hazards (PH) model [8] , which has become the most common modeling tool for survival analysis [9] , is considered a semi-parametric method [10] . That is, the Cox model makes no assumptions about the shape of the hazard over time, but instead assumes that the ratio of the hazards between categories remains constant over time [9, 10] . This offers advantages over fully parametric models which require that assumptions are made about the distribution of the underlying hazard which can be quite restrictive [9, 10] . Unfortunately in doing this, information regarding the baseline hazard that may be of interest is lost [9] . Difficulties also arise when the PH assumption is breached. However Cox models can be extended to allow specified variables to have hazard ratios that vary over time (this is achieved by splitting the analysis time and calculating hazard ratios for each time period) -such variables are known as time varying covariates (TVC's) [9, 10, 11] . Finally, in prediction models, it is not clear how Cox PH models can be validated in external populations as the Cox method leads to an overfitting of the baseline hazard [9, 12] . Cox models have been extensively used to study survival in ALS [4, 5, 6, 13, 14, 15, 16, 17] .
As a further development, the use of age at diagnosis as the timescale in Cox models has emerged as a popular technique for taking account of confounding by age due to the fact that such confounding is often poorly controlled for using conventional methods [18] [19] [20] . Under such a model, study entry occurs at date of birth -the effect of age being taken into account by the nonparametric aspect of the Cox model -thus providing a superior correction for the effect of age over conventional methods [19] . Consequently, this benefit comes at the penalty of being unable to quantify the association of age itself with survival.
In 2002, motivated by the limitations of Cox models, Royston & Parmar proposed a new family of flexible parametric survival models [12] . These models make use of the Aranda-Ordaz family of link functions to estimate hazard functions flexibly, including the proportional hazards, proportional odds and probit-scale models as special cases [9, 12] . Through the use of restricted cubic splines to model the baseline hazard, greater flexibility is added, so extending the range of hazard functions which can be modeled [9, 12] . Finally, time varying components can be estimated with a varying number of cubic spline knots [9, 12] .
The current study aims to model the survival of Irish ALS patients diagnosed between 1 st of January 1995 and 31 st of December 2010. On initial analysis using Cox PH regression, it quickly became apparent that there are breaches of the PH assumptions that are not adequately addressed by Cox based methods. Therefore we extend our analysis to include RoystonParmar (RP) flexible parametric modeling with the aim of comparing RP modeling to Cox PH, and also to further explore the breaches of the PH assumption.
Methods

Data Sources
The Irish ALS register was established in 1995 to follow incident ALS patients over time using multiple independent data sources and capture-recapture methodology [2] . This analysis includes data on patients diagnosed between 1 st of January 1995 and 31 st December 2010 from the register, augmented with data on riluzole prescription obtained from the Health Services Executive of Ireland (HSE), data on the prescription of NIV obtained from the NIV systems supplier, and gastrostomy insertion data from hospital records to compile our final data set. Explanatory variables in the final dataset included sex, age at diagnosis, year of diagnosis, diagnostic delay, El-Escorial category, site of disease onset, familial disease, attendance at specialist ALS clinic, history of riluzole prescription, NIV use, RIG (radiographically inserted gastrostomy) insertion and PEG (percutaneously inserted gastrostomy) insertion. All interventions were coded on an intention-to-treat basis and attendance at specialist ALS clinic was coded as yes for anyone with at least one visit.
Ethics Statement
The Irish ALS Register complies with Irish Data protection legislation (1988 and 2003) , and has been approved by Beaumont Hospital Ethics Committee (02/28 and 05/49). Approval for the study is from Beaumont hospital ethics committee (05/49). Verbal consent is obtained from all participants for inclusion on the Irish ALS Register. All cases have written documentation of verbal approval. The Irish Data Protection Commissioner has provided written confirmation of compliance with Irish data protection legislation. This approval is on file with the local IRB. On consideration of the privacy of individual patients it was decided that results from categories with less than 5 entries will be omitted.
Software
Data was imported into Stata version 11 [21] for analysis. Standard Stata commands (stci, strate, stmh & stcox) were used for the classical and Cox PH analysis, whilst the additional Stata command stpm2 for implementing RP methods was downloaded from the Statistical Software Components archive [22] .
Analysis Strategy
After consideration of the appropriate timescale, the date of diagnosis was used to mark study entry as opposed to date of symptom onset. Whilst date of onset may most appropriately reflect the natural timescale of ALS, the date of onset is subject to recall bias. Furthermore, since diagnostic delay is considered prognostic, if date of onset is used to mark study entry and diagnostic delay is used as a predictive variable then there is potential for correlation between diagnostic delay and survival time, as diagnostic delay forms a large fraction of overall survival time. A third consideration is that the hazard associated with interventions, e.g. riluzole, only exists after interventions are made, i.e. after diagnosis. Therefore in survival models including terms for interventions the use of date of diagnosis as study entry better reflects the effect on survival associated with given interventions than does the date of onset. As we were interested in the hazard ratios associated with interventions in our analysis, time since diagnosis was used as timescale for all analyses, except in specified models where age at diagnosis was used to explore the effect on breaches of the PH assumption. (However, to illustrate the difference between date of onset and date of diagnosis timescales the final preferred model was constructed for both timescales -this data is presented in the table S1).
Initially, descriptive statistics were estimated and the NelsonAalen cumulative hazard for the overall cohort was graphed. Nonparametric methods were used to determine crude survival rates for each stratum of each explanatory variable.
Cox proportional hazards regression. Stata's stcox command was used to perform Cox PH regression. Entries with missing values were dropped prior to modeling. Initially all variables were included, with variables sequentially removed from the model via manually implemented backwards elimination. When compared to forward selection, backwards elimination is more likely to detect significant variables when they are subject to suppressor effects of associated variables and is therefore preferred by numerous authors [9, 23, 24] . Successive models were compared using likelihood ratio testing (LRT) with P,0.05 as the significance threshold. Next, all pairwise combinations of interaction terms were tested and compared to the base model via LRT. The model with lowest P value after comparison via LRT was selected as the best-fit model. Formal testing of the PH assumption was performed using the Stata command estat phtest, and scaled Schoenfeld residuals were generated for graphical analysis of the PH assumption. To correct for residual confounding by age, the timescale was reset to use age as follow up time and the model recalculated omitting age [18] [19] [20] .
Cox regression with time varying covariates. To allow for breaches of the PH assumption the best-fit model was extended by allowing for time varying covariates (TVC's) for those variables that were in breach of the PH assumption. Forward selection was used to select variables to include time varying covariates as suggested by Royston and Lambert for including TVC's in RP models [9] . As this involved a large number of comparisons a significance threshold of P,0.001 was used. Hazard ratios for TVC's were plotted versus time. This was implemented using the tvc option of Stata's stcox command.
Royston-parmar propotional hazards models. The stpm2 command was used to build RP-PH models. It should be noted that Royston-Parmar methods are capable of utilizing proportional odds and probit assumptions as an alternative to proportional hazards -the choice of model typically being data-driven, however given our aim of exploring breaches of the Cox PH assumption we restricted the RP modeling to use the proportional hazards assumption. The Akaike Information Criterion (AIC) and Bayesian Information Criterion (BIC) were used to select the optimum number of spline knots [9] . It was determined that 2 internal spline knots were optimum (meaning d.f. = 3 for the stpm2 command). Similar to Cox PH model building, backwards elimination and LRT were used to model-build with P,0.05 as the significance threshold. Again all pairwise combinations of interaction terms were tested to arrive at a final best-fit model. As Schoenfeld residuals are not available from the stpm2 command this step was omitted for RP-PH models. Instead, all variables were examined for interaction with time by allowing for TVC's. Forward selection was used to add TVC's to the best-fit RP-PH model with P,0.001 as threshold for significance. Again, the AIC and BIC were used to determine the optimum degrees of freedom (i.e. number of spline knots) of each time dependent variable [9] .
Results
Descriptive Statistics
In total 1,282 incident cases were included. Of these, only 2 had unknown vital status at the end of follow-up, and only 1 other was known to have died but the precise date was unknown, therefore loss to follow-up was minimal. Table 1a displays summary statistics for the data set including numbers of missing values. Table 1b displays the summary statistics of all observations excluded due to missing values per category of each variable.
Of the complete cohort, 56.4% of all cases were male. 58.4% of cases had limb onset, whilst 36.5% of cases had bulbar onset with the remainder having more generalized onset. Analysis of site of onset by gender revealed that 56.6% of bulbar onset cases were female whilst 64.6% of limb onset cases were male. 56.2% of cases were in the definite El Escorial category, with 30.6% probable, 12.1% possible and 1.1% suspected. There were 196 (15%) cases with missing values in one or more fields -these were included in non-parametric analysis but excluded from Cox PH and RoystonParmar analyses. Those excluded had significant associations with grouped year of diagnosis, riluzole prescription, RIG insertion, NIV prescription and less significant associations with age at diagnosis, El Escorial category, site of onset and ALS clinic attendance.
Nonparametric Analysis
Results of non-parametric survival analysis are shown in 
Cox Regression Models (No TVC's)
The results of Cox PH models are shown in table 3. Model building led to inclusion of age at diagnosis and diagnostic delay as linear effects, period of diagnosis, site of onset, El-Escorial category, attendance of ALS clinic, riluzole and NIV prescription in the best-fit models, with an interaction found between site of onset and NIV prescription. The Cox PH model (model 1) globally failed the PH assumption (P,0.0001). Individual variables/strata failing the PH assumption included riluzole prescription As RP modeling provides a smoothed estimate of baseline hazard, this allowed us to calculate adjusted survival curves for subgroups of the population. Survival curves for different age groups based on RP regression (model 3) are shown in Figure 2 , where it can be seen that survival decreases significantly with increasing age group.
Cox PH and RP-PH Models with TVC's
The same time varying components were selected for both Cox PH and RP-PH models -riluzole and period of diagnosis. Hazard ratios versus time are shown in The HR's for riluzole over time from both models were unexpected. The Cox PH+TVC graph (Figure 3) shows no significant association with improved survival at any time point and in fact an increasingly significant association with worse survival over time, whilst the RP-PH+TVC graph (Figure 3) shows association with improved survival only in the first year. Our Cox PH model with age as timescale (model 2) had failed to find a breach of PH assumption for riluzole (HR 0.74 95% CI: 0.63-0.88) -these combined results indicating probable residual confounding by age in model 1.
To better understand these results we graphed scaled Schoenfeld residuals from different timescales (Figure 4 ), performed stratified modeling by age group and examined crude associations of riluzole use by age strata ( Table 4) . The stratified HR's demonstrate an age related effect of riluzole, however the CI's narrowed with increasing age. The cross tabulation showed that riluzole usage rates correlate with age. Given this, and considering that model 2 showed no breach of PH, it seems likely the failure of the PH assumption for riluzole and apparently time varying nature of riluzole is due to a combination of residual confounding by age, and the observational nature of the study leading to a reduced power to detect the effect of riluzole in younger ages. Table S1 shows a comparison of a Cox model (model 3) constructed using first date of diagnosis and then date of onset as study entry points. The date of onset model was constructed using diagnostic delay first as a linear variable (model S1) and then as a grouped variable (model S2) to illustrate the effect of correlation between diagnostic delay and survival time. This occurs when diagnostic delay is included as a linear term in a model with onset date as study entry, but is less of a concern when diagnostic delay is included as a grouped variable only (i.e. as a marker of slow, medium and fast disease progression).
Discussion
On comparing different models there was no fully satisfactory model, however the Cox PH+TVC's model was clearly inadequate. On balance we chose model 3, the RP-PH model as the best-fit model. Considering our analysis of TVC's, it did not seem appropriate to include them in the best-fit model. It also did not seem prudent to accept the age as timescale models as superior since the acceptance of Cox PH despite missing values in earlier diagnostic years suggested over-fitting. On balance we prefer the Royston-Parmar model over Cox as it comes with the advantages of parametric models whilst closely matching the Cox estimates. The flexible nature of the RP models provided an excellent fit to non-parametric cumulative hazard and survival curves, enabled a greater understanding of breaches of the PH assumption and allowed us to plot smoothed survival curves for subgroups of the population. We found the Royston-Parmar models to provide great flexibility in particular for modeling time varying effects.
In keeping with the ALS literature [1, 3, 6, 14, 17] we found that bulbar onset ALS was significantly associated with poorer prognosis. The finding of significantly poorer prognosis for definite El Escorial disease is in keeping with several other studies [14, 17] and consensus opinion [3] , although not all studies found El Escorial category to be associated with survival [15, 16] . Our findings that attendance at ALS clinic and riluzole use were associated with improved prognosis are consistent with the literature [1, 3, 5, 6, 17] , although the effect of riluzole may be underestimated due to a likely lack of statistical power in younger people (Table 4) . However, NIV use was associated with poorer prognosis when used in limb onset and generalized onset disease, but not in bulbar onset disease. Whilst this finding contrasts results from clinical trials [7] , it is likely that without randomization, the NIV users in our study were a self-selecting group suffering a more severe disease course. Furthermore we have not accounted for known confounders such as NIV compliance [1, 13] . A puzzling finding of the initial Cox PH and RP-PH models was that of an apparently poorer prognosis in later years of the study. However the RP model including TVC's allowed us to determine that the years 1995-2000 were in breach of proportional hazards. Therefore we believe that these findings are artefactual, and likely caused by a selection bias due to temporal concentration of missing values.
As a population based cohort analysis of incident cases with negligible loss to follow up (,1%) our study is of robust design. We have performed a detailed statistical analysis using multiple techniques that gave a deeper understanding of the data. We were also able to explore the use of age at diagnosis as a timescale -a technique of increasing popularity for controlling for confounding by age [18] [19] [20] . However after careful examination of our data, we found this method to obscure breaches of the PH assumption that are likely due to other causes (e.g. temporal concentration of missing data). Through this analysis we have shown the importance of investigating thoroughly breaches of the proportional hazards assumption.
Our study did suffer from some weaknesses including a number of patients excluded due to missing values (15%). Whilst we could have performed imputation of missing data, given the concentration of those missing values in earlier years that did not seem wise.
Those missing values had several significant associations with key variables that we believe introduced a bias in the early years of the study. We have also demonstrated how the observational nature of our data may have reduced power to detect the effect of riluzole. Although the date of diagnosis does not hold specific meaning in the natural course of ALS, the date is significant as a marker for the commencement of interventions (particularly riluzole and ALS clinic attendance). As the hazard ratios of interventions were of primary interest to us, this prompted the decision to use diagnosis date to mark study entry. Use of onset date may be more appropriate in studies primarily interested in the survival association of clinical features present at onset (i.e. site of onset, Table 3 . Hazard ratios from Cox Proportional Hazards models. Escorial category, etc). Such considerations are likely more important when numbers in subgroups are low. In summary, median survival in Irish ALS patients diagnosed from 1995 to 2010 was 1.27 years from diagnosis and 2.39 years from symptom onset. The importance of traditionally recognized prognostic markers including age, bulbar onset disease, El-Escorial Definite ALS was confirmed. Riluzole use and attendance of ALS clinic were associated with improved prognosis. We found a linear relationship between diagnostic delay and improved survival. In addition we found Royston-Parmar flexible parametric modeling to be an excellent parametric alternative to Cox PH modeling. Testing of proportional hazards assumptions followed by thorough investigation of breaches proved invaluable in interpreting results and understanding deficiencies inherent to observational datasets. Table S1 Comparison of final preferred model using date of diagnosis and date of onset as timescale. Note that model building was not performed for models S1 or S2 as would be appropriate for a formal survival analysis on the onset date timescale -instead the model specification of model 3 was implemented under onset date timescales as a tool to illustrate the effect of choice of timescale on hazard ratios. It should be noted that formal model building on the onset date timescale may result in inclusion of different model terms. The same patients were included in all models. Model S2 included diagnostic delay as a grouped categorical variable only to avoid the problem of correlation between diagnostic delay and overall survival that is of most concern when diagnostic delay is included as a linear effect under the onset date timescale as in model 2. In general fluctuations across the three models were low, although bulbar onset disease had a marginally higher HR in both model S1 & S2-thus appearing as a more significant negative hazard. Riluzole also had a higher HR in S1 & S2-however in this case it appeared as a less significant protective factor than in model 3. The HR for diagnostic delay was considerably lower in S1 compared to model 3-although due to the correlation issue it seems unwise to interpret this finding. The interaction term between NIV and general onset disease varied significantly between modelsprobably due to low numbers in this group (n = 10).
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